Abstract Overall open-loop gain of the CO2-ventilation feedback control system in hypoxia (GHco2) was determined on 8 male and one female healthy subjects. They breathed in a closed circuit, and were subjected to the progressive hypoxia test. This procedure was first conducted without dead space (DS), then with 250, 500, and finally 750 ml DS, consecutively. GHC02 was calculated by dividing the slope of the CO2 response curve (S) by that of the metabolic hyperbola (SL). GHco2 was considerably larger than the overall open-loop gain of the 02-ventilation feedback control system (Go2) previously obtained. This was ascribed to the facts that S was larger than the slope of the hypoxia response curve, and that the absolute value of SL in GHco 2 was smaller than that in G02. SEVERINGHAUS (1972) was the first to present the concept of the overall gain of the C02-feedback control system. The same idea was also proposed as the open-loop gain by MILHORN (1966) . The concept of overall gain corresponds to that of open-loop gain. In the present study, we defined the overall open-loop gain as GHco2 (defined as overall gain in our previous study) by dividing the slope of the CO2-ventilation response line (S) by the slope of the metabolic hyperbola (SL) at a given end-tidal Pco2 (PETco2). When a disturbance is introduced into the system in order to change PETco2 by 4PETco2, the final change in PETC02 will be reduced to 4PETc o 2/(l + GHc o 2).
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In the previous communication (MASUYAMA et al., 1983) , overall open-loop gain of the 02-ventilation feedback control system was evaluated and compared with that of the C02-ventilation feedback control system in normoxia. The latter was found to exceed the former, suggesting the predominant role of CO2 in the control of ventilation. However, it is known that CO2 sensitivity in regulation of respiration is affected by the presence of hypoxia (NIELSEN and SMITH, 1951) .
To assess the actual significance in the feedback control system in hypoxia, both 
MATERIALS AND METHODS
Nine healthy adults, 8 males and 1 female, ranging in age from 22 to 57 years, were examined. Informed consent was obtained from all the subjects. Their physical characteristics are listed in Table 1 .
The experimental setup and procedures as well as the method of data analysis were almost the same as those in the investigation previously reported MASUYAMA et al., 1983) . The external dead spaces (DS) used were plastic tubings of 250, 500, and 750 ml in capacity. The concentrations of 02 and C02 were analyzed by a respiratory mass-spectrometer (Hitachi 503 Respiratory Gas Analyzer) or a rapid response 02 and C02 analyzer (San-ei Expired Gas Monitor 11121). A sampling tube to the analyzer was inserted into a mouthpiece so that its tip was placed near the nasal orifice. Breath-by-breath end-tidal Pco2 and P02 (PETC o 2 and PETO 2) and tidal volume were simultaneously recorded. Minute volume was recorded by a digital printer when desired. The respiratory rate was calculated from the original recordings as shown in Fig. 1 .
The subjects were encouraged to relax by listening to music with earphones to distract their attention from the experiment. After measurement of their metabolism, they breathed in the closed circuit with or without DS which was inserted between the mouthpiece and a respiratory valve. They were then subjected to a progressive hypoxia test similar to the method of WELL et al. (1970) . The expired air was sampled from the plastic reservoir box at PET0 2 levels of 80, 60, 50, 45, and 40 mmHg, respectively. With the increasing ventilation due to Table 1 . Physical characteristics of the subjects.
progressive hypoxia, PETCo, was seen to decrease. This procedure was first conducted without DS, then with 250, 500, and finally 750 ml DS at 30 min intervals, consecutively.
At the PETo2 levels mentioned above, the P02-ventilation response curves were calculated by the least squares regression method (LLOYD and CUNNINGHAM,1963) . Figure 2 illustrates the C02-ventilation feedback control system and the expected changes when the DS is applied to the system. S shows the slope of the C02 passed through a C02 absorber, so the PETco2 was not maintained at a constant level. response curve, and SL the slope of the metabolic hyperbola (CUNNINGHAM,1974) . Under control conditions, PET002 is settled at point A, the intercept of the C02 response curve and the metabolic hyperbola. The overall open-loop gain (GHco2) of the control system is defined as -S/SL. Now, the addition of VD' reduces VA by the amount indicated as AB, and thus PET002 will increase by BC. However, because the PETo o 2 increase stimulates ventilation, its simultaneous decrease along the metabolic hyperbola is actually less (Fig. 2; D) than it would be without the controlling system ( Fig. 2; C) . The ratio BC/BE indicates the capacity of the overall C02-ventilation feedback system, and can be expressed as (1+GHco2) as shown in the figure. SL at a given PET002 in the metabolic hyperbola curve was calculated as -0.863 x Vco2/(PETco2-PIco2)2, where Picot represents the inspired P002 level.
Increment of DS ventilation (defined as VD') was calculated as:
where VE(DS) and VE(C) represent VE with and without external DS ventilation, respectively. The statistical analysis of the data was conducted by Wilcoxon's non-parametric method (SNEDECOR and CoCHRAN, 1967) .
RESULTS

Figure 1 illustrates an example of the progressive hypoxia test without DS application.
The left column shows the recordings before the test. As PETo 2 decreased, VT and f increased together with a decreasing PETco2. The mean values and standard deviations of GHc o 2 were shown in Table 2 . No significant increments either with or without dead space were detected between GHc o 2 values at any given PETo 2 level. The mean values and standard deviations of S and SL were also shown in Table 2 . No significant increments were seen in the S values at any given PETo2 level examined, although they showed some tendency to increase with increasing degree of hypoxia. In SL, however, the values significantly increased with increasing degree of hypoxia, except in mild hypoxia, whereas no significant change was seen with increasing DS in any of the progressive hypoxia runs.
Table 2 also illustrates that VE and VT increase with decreasing PETo 2 and increasing DS, and that they become increasingly significant in the range from moderate to severe hypoxia.
The respiratory rates, however, were not greatly changed either by hypoxia or DS application. 
DISCUSSION
Comparison between GHco2 and Got. GHco2, the overall open-loop gain of the C02-ventilation feedback control system in hypoxia, was found to be within the range of 30-60 in the present experiments. These values were considerably higher than for G02, the overall open-loop gain of the 02-ventilation feedback control system, which was previously reported to be about 0. 5-5 (MASUYAMA et al., 1983) .
GHco 2 and G02 are determined by dividing the slopes of the CO2 and hypoxia response curves by the slope of the metabolic hyperbola, and the differences in these parameters were examined. The magnitude of the slope of the CO2 response curve (S) was larger than that of the hypoxia response curve (S'), and the absolute value of SL in GHco 2 (SL) was smaller than that in G02 (S'L) at any given PETo 2 level (p<0.01). This resulted in higher GHco 2 (S/SL) than G02 (S'/S'L).
Although the mean value of GHco 2 increased with decreasing PETo 2 the difference was not statistically significant. This result might be due to the great inter-individual differences in the C02-ventilation slope, S, a fact which has been well pointed out in the literature (KELLOGG, 1964) .
Effect of hypoxia on ventilatory response to CO2. FENNER et al. (1968) and GOODE et al. (1969) reported that enhanced ventilatory response to C02 with tube breathing took place in normoxia or when accompanied by hypoxia. In hypoxia, the relationship between VT and the respiratory rate is a matter of con-. troversy. REBUCK et al. (1976) stated that increments in VE during progressive hypoxia were achieved with a greater respiratory rate and a smaller VT than during progressive hypercapnia. On the other hand, in both hypoxia (COTTON and GRUNSTEIN, 1980) and hypercapnia (ROSENSTEIN et al., 1974) , augmented VT was observed to be the main factor in increasing VE. In agreement with the above discussion, HEY et al. (1966) and CUNNINGHAM (1974) stated that the relationship between VT and the respiratory rate was independent of the nature of the chemical stimuli to ventilation.
In our experiments, the increment of VE responding to CO2 increased as PETo 2 decreased (Table 2) , as was reported by LLOYD et al. (1958) and EDELMAN et al. (1973) . On the other hand, the respiratory rates were not significantly changed in the PETo2 range of 40 to 80 mmHg, so the increment in VT was seen as the main reason for the augmented VE (Table 2) .
Central hypoxic depression. There have been many studies discussing the central hypoxic depression (CHERNIACK et al., 1970 (CHERNIACK et al., /1971 FITZGERALD and PARKS, 1971; EDELMAN et al., 1973; LEE and MILHORN, 1975; WEISKOPF and GABEL, 1975; LAHIRI, 1977; ANTHONISEN and DHINGRA, 1978; LAHIRI et a1.,1978; COTTON and GRUNSTEIN, 1980; HONDA et al., 1981; . In our experiments, S was obtained at five given PETo2 levels in each subject, and was depressed in subjects K.O. (1) PETo2 values). The ventilatory depression due to the increased flow was assumed to play a part in hypoxic depression .
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